This paper presents an overview of the large international projects in which the National Astronomical Observatory of Japan is involved, namely, the Subaru Telescope, Atacama Large Millimeter/submillimeter Array, and the Thirty Meter Telescope. The last section provides a brief historical view of the international collaboration in East Asia regions over the last 20 years.
INTRODUCTION
The National Astronomical Observatory of Japan (NAOJ) is an inter-university research organization dedicated to astronomical research, under the legal entity called the National Institutes of Natural Sciences (NINS), which is ∼100 % funded by the Japanese government. NAOJ is run by ∼600 staff members assigned to branches throughout Japan and around the world with a total annual budget of ∼150 million USD.
"Projects" are the fundamental units of research and development at NAOJ. The projects are not only for the researchers belonging to NAOJ, but, more importantly, for researchers belonging to universities and other research organizations including those in other countries. NAOJ pursues projects that are, in principle, not doable by a single university because the scale (budget, manpower, etc.) is too large for a university to handle. Many projects are engaged in large-scale international collaboration. Projects are created when necessary and dissolved when obsolete.
In this article, I will give an overview of the three major NAOJ projects: the Subaru Telescope (Subaru), Atacama Large Millimeter/submillimeter Array (ALMA), and the Thirty Meter Telescope (TMT). I also provide a brief overview of the development of astronomy collaboration in East Asia over the last 20 years in the last section. Readers may refer to detailed descriptions of these projects in this volume.
SUBARU TELESCOPE
Subaru is not in itself an international project, except that it was constructed with the full support of the University of Hawai'i (UH). However, for the last 14 years of its operations, Subaru has been actively engaged in various international collaborations for instrument develophttp://pkas.kas.org ment. The Infrared Camera and Spectrograph (IRCS), one of the first phase instruments, was actually developed in collaboration with UH.
The telescope was completed in 1999, and, after almost two years of commissioning, the telescope was opened to the general users from 2000. It has since been maintaining an oversubscription rate of ∼3 or more. Currently ∼20 % of telescope time is used by international users. One of the most important features of Subaru is its prime focus capability, with excellent seeing of ∼0. 6 on average at the summit of Maunakea.
Fiber Multi-Object Spectrograph
The Fiber Multi-Object Spectrograph (FMOS) is a near-infrared spectrograph with 400 fibers covering 0.9-1.8 µm, (Kimura et al., 2010) , developed under the framework of Japan-UK collaboration together with Australia. The Echidna fiber positioner (Brzeski et al., 2004) configures the fibers with an accuracy of 0. 2 rms in the field of view of 30 diameter at the prime focus of the Subaru telescope. Two spectrographs, taking 200 fibers each, provide low (R=600) and high resolution (R=2200) modes with OH airglow suppression capability.
The latest scientific results with FMOS include a COSMOS field survey. Kashino et al. (2013) , for example, studied 89 galaxies with Hα detection at redshift 1.4 < z < 1.7, establishing the relation between star formation rate and stellar mass as the Hα-based main sequence with a slope (0.81 ± 0.04) and normalization similar to previous studies at these redshifts.
Hyper Suprime-Cam
As astronomers in Japan came to understand that the prime focus capability of Subaru was unique among the existing 8-10 m class telescopes, NAOJ and Kavli Institute for the Physics and Mathematics of the Universe • 5 with 116 CCD chips (see Figure 1) , allowing us to take images of an area almost 10 times larger than SuprimeCam can take with a single exposure.
Another important feature of HSC is the CCD developed in collaboration with Hamamatsu Photonics. The CCD has a fully depleted backside layer ∼200 µm thick, capturing red photons as well as blue photons until the band gap limit is met at λ ∼1 µm (see Figure 2) . A quantum efficiency of ∼40 % is achieved at λ =1 µm, providing us with a big advantage in detecting highly redshifted galaxies.
The HSC collaboration team received 300 nights of observing time over five years starting from 2014. They will carry out three types of surveys with the filters g, r, i, z, y and some narrow bands: namely, the wide, deep, and ultra-deep surveys. The three surveys cover 1400, 28, and 3 square degrees, respectively, with limiting magnitudes of 26, 27, 27.7 in the i band. The Subaru HSC surveys will supersede the existing surveys in terms of the survey speed, defined by the survey area times the limiting magnitude, and will remain unsurpassed until data from the Large Synoptic Survey Telescope (LSST) is available in the mid 2020's. The HSC team will use the weak lensing technique to illustrate the dark matter distribution in detail in the largest volume of the Universe ever observed (reaching the depth of z ∼ 2) and also to place strong constraints on the nature of dark energy.
HiCIAO
The High Contrast Instrument for Adaptive Optics With the capability of HiCIAO achieving contrasts of 10 −4.6 -10 −5.6 at 0. 5-1. 0 from a central star, the SEEDS team has successfully obtained direct images of three exoplanets (GJ758b, κ And b, and GJ504b) so far. Among these GJ504b is a "genuine" planet with a mass of 3-5 M J significantly lower than the deuterium burning limit (Kuzuhara et al., 2013) .
In addition to directly imaging gas giant exoplanets, the SEEDS team obtained images of protoplanetary and debris disks. Almost all of them show disk structure like a gap, ring, spiral, or non-axisymmetric pattern, suggesting the existence of yet undetected planets interacting with the disks.
Other Instruments
NAOJ is expanding the international collaboration on Subaru instrumentation with projects such as the Prime Focus Spectrograph (PFS) and Coronagraphic High Angular Resolution Imager and Spectrograph (CHARIS).
PFS is an optical spectrograph with 2400 optical fibers covering the same 1.
• 5 field of view as HSC. This is the realization of KMOS originally proposed at NOAO and of WFMOS for Gemini telescope. K-IPMU is leading the development in collaboration with institutes and universities in the US, France, Taiwan, and Brazil. It will take spectra from > ∼ 10 8 galaxies to be detected by HSC surveys, allowing us to examine the detailed expansion history of the Universe, i.e., the nature of dark energy. PFS will also be a powerful instrument for galactic archeology.
CHARIS is a high dynamic range imager and spectrograph for exoplanet studies, currently being developed at PU. Succeeding HiCIAO, CHARIS uses a micro-lens array to separate exoplanet images from speckles, while at the same time taking spectral information of exoplanets. The Subaru Coronagraphic Extreme AO system (courtesy: ESO/NAOJ/NRAO) (SCExAO) (Martinache & Guyon , 2009) , equipped with a 2000-actuator MEMS deformable mirror, will be used as fore optics for CHARIS in tandem with the AO188 (Hayano et al., 2010) . The combination of CHARIS with SCExAO and AO188 is designed to achieve a contrast of
6 at a distance of ∼ 1.5 λ/D (∼0. 07 at λ 1.6 µm) from a reference star, allowing us to directly detect a gas giant of ∼1 Gyr of age with a mass significantly smaller than that of Jupiter, if the planet is located at a distance of several AU or more away from the reference. Another essential contribution from NAOJ is the receivers for the Bands 4 (∼2 mm), 8 (∼0.6 mm) and 10 (∼0.35 mm). The Advanced Technology Center of NAOJ developed state-of-the-art SIS junctions and assembled all the components to fabricate 219 receiver cartridges in total for the three Bands (see Figure 4) . NAOJ also plays the role of EA ALMA Regional Center (EA ARC). This is an important function in ALMA to take charge of every kind of interface with its existing and potential users. From the very initial phase of proposal preparation to paper publication, EA ARC supports users in various ways, such as providing observing strategy, technical consultation, data reduction and science advisory, archival data use, etc. This function is essential for non-radio astronomers to use ALMA. The performance of ALMA is spectacular. Even at the current limitation of the baseline length up to ∼1 km, it provides an angular resolution of 0. 1, comparable to or even better than that of the Hubble Space Telescope. More importantly, ALMA's sensitivity is typically ∼100 times better than those of the existing millimeter and submillimeter telescopes and interferometers. This means ALMA can not only synthesize images of known objects in several minutes of integration time, but can also easily detect objects at cosmological distances (z > ∼ 3). ALMA is bringing us a new way of viewing the farthest reaches of the Universe.
THE THIRTY METER TELESCOPE
TMT is the newest large international project of NAOJ in collaboration with the US (University of California, Caltech and NSF), China, India and Canada. Founding members of these countries established the legal entity TMT International Observatory in May 2014, planning to proceed with the construction at the summit of Maunakea. NAOJ intends to contribute 25% of the construction, undertaking the responsibility for the telescope structure and fabrication of all pieces (∼600) of the mirror blanks.
It may be worth noting here how the Japanese optical and infrared astronomers came to choose TMT as their next generation large project. At the beginning of the first decade of the 2000's, many optical and infrared astronomers in Japan, enthusiastic to use Subaru as it started its operation, were not bold enough to envisage their future plan. It was still too early for many of the Japanese optical and infrared astronomers to think about the possibility of large scale international collaboration for the next generation extreme large telescope.
There was, however, a group of astronomers thinking about JELT: Japanese Extremely Large Telescope. This plan had, in my opinion, two major problems. One was that the estimated time scale (∼20 years) for Japan to develop all the technology, such as the segmented primary mirror, necessary to build such a large optical/infrared telescope was too long, and other extremely large telescopes were expected to be realized before Japan would build JELT. The other was its cost. The construction cost of JELT was estimated to be ∼2 billion USD, five times that of Subaru. Considering the long lasting economic depression in Japan since the 1990's, most of the optical and infrared astronomers were pessimistic about raising that amount of money by Japan alone.
By 2005, a large number of optical and infrared astronomers in Japan were receiving benefit from the unique wide field capability together with the supreme image quality and tracking stability of the Subaru telescope. There was a growing feeling in the optical/infrared community that the next large project should be one to expand the science frontiers achieved with Subaru. An extremely large telescope located on Maunakea to be realized before the others was then a natural solution for them. Fortunately, NAOJ joined the EU-NA ALMA collaboration in 2004. This implicitly changed, according to my interpretation, the minds of optical and infrared astronomers in Japan. They started to believe that large scale international collaboration would be a better way to reach frontier science. In 2006, optical and infrared astronomers in Japan decided to join TMT under the condition that the telescope should be build on Maunakea, close to the Subaru telescope.
COLLABORATION IN EAST ASIA
I would like to conclude this article by mentioning yet another important movement of international collaboration in astronomy in East Asia. Astronomy in the East Asian regions, namely in China, Korea, Taiwan and Japan, has advanced remarkably in the past two decades. Many astronomers in these regions were, even 20 years ago, actively involved in international collaboration with the researchers within and outside of these regions, although large scale organizational collaboration was still rare at that time.
Astronomy in each region of East Asia was not very large scale, and the importance of organized, larger scale international collaboration was still underestimated in the early 1990's. Some astronomers in these regions, however, noticed the importance of large international collaboration especially within the East Asia regions, stimulated by the strong and steady growth of European Southern Observatory by that time. They organized the East Asia Meeting on Astronomy regularly as a place to discuss collaboration among the East Asian regions. This activity had borne great fruit in 2006 when the four major observatories in East Asia, namely the National Astronomical Observatories of the Chinese Academy of Science (NAOC), Korea Astronomy and Space Science Institute (KASI), ASIAA, and NAOJ, reached an agreement to establish the East Asia Core Observatories Association (EACOA).
The four Directors of EACOA regularly get together to discuss how to promote collaboration between the regions. They started the EACOA fellowship program in 2012, and since then two fellows on average have been appointed every year. An EACOA fellow is requested to work at two different observatories in East Asia within a term of five years.
One of the important results of EACOA activities is the movement toward the East Asian VLBI network. The NAOJ's four-antenna VLBI network VERA (VLBI Exploration of Radio Astrometry) and the KASI's threeantenna network KVN (Korean VLBI Network) are now combined together to work as a single millimeter VLBI network (KaVA; KVN and VERA Array). It will begin joint open use operation from 2015. The Chinese VLBI network is expected to join the combined array in the future.
A more important outcome of EACOA may be the establishment of the East Asian Observatory (EAO), details of which are given in this volume by Dr. Paul Ho. As the activities of EACOA increased, it became unrealistic for EACOA, which is basically a gathering of four directors for discussion, to handle its business. An example is the joint operation of JCMT by EACOA member regions. The representatives of the four EA-COA observatories had intensive discussion about this issue in the winter of 2013-2014, coming to an agreement to establish a legal entity for this purpose. They also decided to call it the East Asian Observatory, envisaging its future growth. For example, NAOJ is contemplating the possibility that EAO could take charge of the partial joint operations of Subaru as a possible future operation model.
